Cell-targeted therapies (smart drugs), which selectively control cancer cell progression with limited toxicity to normal cells, have been developed to effectively treat some cancers. However, many cancers such as metastatic prostate cancer (PC) have yet to be treated with current smart drug technology. Here, we describe the thorough preclinical characterization of an RNA aptamer (A9g) that functions as a smart drug for PC by inhibiting the enzymatic activity of prostate-specific membrane antigen (PSMA). Treatment of PC cells with A9g results in reduced cell migration/invasion in culture and metastatic disease in vivo. Importantly, A9g is safe in vivo and is not immunogenic in human cells. Pharmacokinetic and biodistribution studies in mice confirm target specificity and absence of non-specific on/off-target effects.
In conclusion, these studies provide new and important insights into the role of PSMA in driving carcinogenesis and demonstrate critical endpoints for the translation of a novel RNA smart drug for advanced stage PC.
INTRODUCTION
Upon initial diagnosis of locally advanced prostate cancer (PC), many patients currently receive endocrine therapy (e.g., androgen ablation/castration). However, in most cases, the cancer will only respond to this treatment for a limited time and most patients will eventually develop metastatic castration-resistant prostate cancer (mCRPC).
1 mCRPC is invariably fatal with a mean survival time of 30 months following diagnosis. 1 Patients who progress following medical castration are offered standard chemotherapy (e.g., docetaxel or cabazitaxel) and/or novel treatment options directed against the androgen receptor (AR) signaling pathway which was recently shown to continue to play an essential role in mCRPC. 1 The new AR signaling pathway inhibitors include abiraterone (an inhibitor of the hepatic drug-metabolizing enzyme CYP2D6 involved in androgen synthesis) and enzalutamide (an inhibitor of the AR signaling pathway). Although these drugs result in significant survival prolongation, they are not yet curative therapies as their median duration of efficacy is around 6-12 months each. 1 Furthermore, these drugs are not cell-specific (e.g., do not selectively kill or inhibit cancer cells) and thus often result in toxicity to normal tissues (e.g., hepatotoxicity, hypertension, uneven heart rate, hypokalemia, peripheral edema, muscle pain, diarrhea, and respiratory infections). [1] [2] [3] Considering this current landscape, new therapeutic options that selectively target mCRPC are needed to increase the efficacy and safety benefits to patients with advanced stage disease.
A promising molecular marker for targeted therapy of PC is prostate-specific membrane antigen (PSMA). PSMA is a glycosylated type-II membrane protein which is primarily expressed in prostatic epithelial cells, though low levels of expression can also be observed in kidney, proximal small intestine, salivary gland, and brain. 4, 5 Predominantly, normal prostatic epithelial cells express an alternative spliced variant of PSMA that lacks the transmembrane domain (PSM') and is found in the cytoplasm. However, during malignant transformation, PC cells greatly upregulate the expression of the transmembrane isoform, resulting in abnormally high levels of PSMA on the cell surface. [6] [7] [8] PSMA cell-surface expression has also been associated with more aggressive disease and with circulating tumor cells, increasing its attractiveness as a target for imaging and therapy in late-stage mCRPC patients. 4, 6, [9] [10] [11] Of note, elevated PSMA expression has also been reported in the neovasculature of many solid tumors expanding its therapeutic profile. 12, 13 Given PSMA's potential for targeted therapy, we and others have sought to develop therapies and diagnostics that selectively target PC via PSMA. Examples of PSMA-targeted approaches include delivery of radionuclides, 4, 14 small molecule drugs/toxins, 15 and therapeutic siRNAs [16] [17] [18] [19] to PSMA-expressing PC cells with antibodies, small molecule inhibitors, and RNA aptamers.
A less explored aspect of PSMA as a target for PC therapy is its enzymatic activity. 20, 21 Although several studies have suggested a role for PSMA's enzymatic activity in cancer progression, PSMA 1 inhibitors have not been evaluated as potential therapeutics for PC. [22] [23] [24] Thus, we sought to explore whether inhibition of PSMA's enzymatic activity would result in inhibition of PC metastases. We previously described the clinical optimization of a PSMA inhibitory RNA aptamer, A9g. 25 This aptamer is a derivative of the A9 aptamer 26 that was rationally truncated to enhance its target specificity (and minimize off-target effects) and enable large-scale chemical synthesis for therapeutic applications. 25 In recent years, aptamers with similar chemical compositions have proven valuable for a variety of clinical applications, highlighting their potential as a therapeutic platform. 27 Here, we show that A9g inhibits PC cell migration and invasion in vitro and exhibits potent antimetastatic activity in a mouse model of metastatic PC when administered intravenously. Importantly, A9g is selective for PC cells expressing PSMA and has no observed toxicity in normal mouse tissues or in human peripheral blood mononuclear cells (PBMCs). In addition, we present thorough pharmacokinetic (PK) and biodistribution data toward understanding the in vivo disposition of this new class of RNA-based smart drugs prior to testing in humans. As a whole, these preclinical studies provide critical endpoints for the clinical translation of a novel cell-targeted RNA smart drug for managing mCRPC. To the best of our knowledge, this is the first demonstration that an inhibitor of PSMA's enzymatic activity has therapeutic efficacy against advanced stage PC.
RESULTS
Effect of PSMA aptamers on cancer cell growth, migration/invasion, and survival in vitro Given PSMA's proposed role in driving carcinogenesis, 22, 23, 28 we assessed the effect of PSMA expression on proliferation, migration, invasion, and survival of cancer cells in culture (Figure 1 and Supplementary Figures S1 and S2) . Cell proliferation was evaluated over a 5-day period using an MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2h-tetrazolium) assay. Human PC cells lacking PSMA expression (PC-3(PSMA − )) were compared to PC-3 cells engineered to stably express PSMA (PC-3(PSMA + )) (Figure 1a) . PC-3(PSMA + ) cells had a clear growth advantage over cells lacking PSMA with a 1.8-fold increase in the rate of proliferation (Figure 1a , see inset). These data suggest that PSMA expression confers PC cells a growth advantage.
Next, we determined the effect of PSMA expression on cell migration using a scratch-wound assay (Figure 1b , left panel). Cells were synchronized via serum-starvation, and wound closure was assessed over a 24-hour period to minimize artifacts from cellular proliferation. Our results demonstrate a significant increase in the migratory ability of PSMA + cells compared to cells lacking PSMA (PSMA − ). The effects of PSMA on migration were corroborated in PSMA-negative CT26 cells (mouse colon carcinoma cells), which were engineered to stably express human PSMA (Figure 1b, right panel) . We next evaluated the ability of PSMA + cells to invade through an artificial basement membrane (i.e., Matrigel) (Figure 1c) . Of note, the extent of cell invasion was proportional to the levels of PSMA expression on the cell surface (Figure 1c and Supplementary Figure S3) . In contrast, PSMA expression had no effect on cell survival in response to various insults such as γ-irradiation, docetaxel, or ultra-violet (UV) radiation (Supplementary Figure S1 and Supplementary Materials and Methods).
As mentioned above, PSMA's enzymatic activity has been directly implicated in promoting cell growth and migration. [22] [23] [24] We sought to explore inhibition of PSMA enzymatic activity on cancer cell proliferation, migration and invasion, using previously described RNA aptamers to PSMA (A10-3.2 18 and A9g) 25 ( Figure 2a) . First, we assessed the effect of these aptamers on PSMA's enzymatic activity (NAALADase) (Figure 2b ). Aptamers were incubated with membrane extracts of PC cells expressing PSMA. Aptamer A9g inhibited PSMA enzymatic activity in a dose-dependent manner. In contrast, a different PSMA aptamer (A10-3.2) and a point mutant aptamer version of A9g, which does not bind PSMA (A9g.6 25 ), had no significant effect on PSMA enzymatic activity under the same experimental conditions.
We next evaluated the effect of A9g on PSMA-mediated cell proliferation (Figure 2c) . PC-3(PSMA + ) cells were incubated with either increasing amounts of A9g, the non-binding aptamer (A9g.6), or a standard antiproliferative chemotherapeutic (doxorubicin). A single, high concentration of the small molecule inhibitor of PSMA (2-PMPA) was used as a positive control for inhibition of PSMA enzymatic activity. Interestingly, we observed no change in cellular proliferation when PSMA enzymatic activity was inhibited with either A9g or 2-PMPA. In contrast, doxorubicin significantly inhibited cell proliferation under the same Figure 2 Functional characterization of PSMA RNA aptamers. (a) Predicted secondary structures of PSMA-specific aptamers A10-3.2 18 and A9g, 25 as well as, control non-binding aptamer (A9g.6). Arrows indicate the nucleotide that was mutated in A9g to generate the non-binding, control aptamer A9g.6. Structural predictions were generated using RNA structure version 5. experimental conditions. These results suggest that PSMA enzymatic activity is not required for cell proliferation. Although A9g had no effect on cell proliferation, increasing amounts of A9g strongly inhibited migration (Figure 2d ) and invasion (Figure 2e ) of PC cells in culture. The inhibitory effects on cell migration and invasion were confirmed with 2-PMPA. In contrast, the inert PSMA RNA aptamer (A10-3.2) and the nonbinding mutant aptamer (A9g.6) had no effect on either cell migration or invasion under the same experimental conditions. Collectively, these data suggest that PSMA's enzymatic activity is necessary for promoting migration and invasion, but not proliferation, of PC cells in vitro.
In vivo efficacy of A9g PSMA aptamer in mouse model of metastatic PC The underlying cause of PC mortality in humans is disseminated bone disease (bony mets). 1 To better evaluate the effect of A9g on migration and invasion of PC cells in vivo, we developed a mouse model of metastatic PC characterized by high osteotropism. For this model, PSMA + , luciferase-expressing PC cells (22Rv1(1.7)) were injected into the left ventricle of the mouse heart. Images were acquired weekly for 4 weeks using the AMI 1000 instrument, which features bioluminescence as well as X-ray computed tomography (X-ray CT) capabilities. Similar to the human disease, we show that 80-90% of the metastases in these mice are localized to the bone (Supplementary Figure S4 , top panel).
To determine the effect of the A9g PSMA aptamer on disseminated disease, male SCID mice were divided into three treatment groups: vehicle control (n = 10), A9g (n = 18), and A9g.6 (n = 16). On day 0, 22Rv1(1.7) cells were incubated for 30 minutes with the above treatments prior to intracardiac injection into mice. Systemic administration (via tail vein) of the RNA reagents (1 nmol or approximately 0.63 mg/kg) was continued every 24 hours until day 4, after which, administration was reduced to once a week for 4 additional weeks. Representative images of mice from each treatment group (at week 4) can be seen in Figure 3a . All data were collected and plotted as percentage of mice with metastases (Figure 3b In vivo safety evaluation of A9g PSMA aptamer in mice An important consideration for clinical translation of a drug is safety. 29 To determine potential toxicity of the RNA aptamer drug, we monitored general appearance (increase/decrease activity, hypo/hyperthermia, pallor, dermal/ocular/respiratory abnormalities), behavior (righting reflex, prostration, catatonia, ataxia, tremors, convulsions), and mouse weights over the course of the 4-week treatment. No apparent changes in appearance or behavior were observed (data not shown). Similarly, no significant decreases in mouse weights were observed for any of the treatment groups (Figure 3d ). Because changes in hematological parameters provide important information regarding the mechanism of toxicity, 29 blood was collected from each mouse at the end of the 4-week treatment and processed to determine any abnormal deviations in blood cell counts (Figure 3e ). As seen in Figure 3e , treatment of mice with A9g had no significant effect on any of the blood cell types evaluated. This was also true for the control RNA aptamer, confirming the overall safety of these chemically modified RNA reagents. Finally, an abbreviated pathology assessment of major organs (heart, kidneys, liver, lung, spleen, stomach, and testes) was conducted at termination of treatment. No gross organ abnormalities were observed in all treatment groups (data not shown).
Unmodified nucleic acids (e.g., siRNA, RNA aptamers) are potent activators of the mammalian innate immune system. The induction of innate immunity by these RNAs is dependent on the RNA sequence/structure, method of delivery, and celltype. 30, 31 To assess any potential immune activation induced by the systemic administration of our RNA reagent, we performed in-depth immune stimulation studies using immune-competent mice (Figure 3f ). For these studies, 1 nmol (~0.63 mg/kg) of A9g or A9g.6 was injected in the tail veins of C57/BL6 male mice. Spleens and livers from treated mice were collected at early (0.5 hours), intermediate (6 hours), and late (24 hours) time points following injection of the RNA and processed for total RNA. Levels of inflammatory cytokines (IL-6), type I (IFN-β) and type II (IFN-γ) interferons, and viral RNA recognition genes (OAS-1, IFIT1) were quantified using RT-qPCR. As a positive control for immunostimulation, 100 µg of polyinosinic:polycytidylic acid (Poly I:C) was injected into mice and spleens and livers from these mice processed as above. As seen in Figure 3f , treatment of A9g did not result in stimulation of inflammatory cytokines, interferons, or viral recognition genes. In contrast, Poly I:C was a potent inducer of IL-6, OAS-1, and IFIT1 (see 6-hour time point). Of note, a slight increase in both type I and type II interferon response genes (IFN-β/γ) was observed in the spleens of mice treated with the non-binding, point mutant aptamer (A9g.6) (Figure 3f , top panels). The reason for this is unclear although, it is unlikely to be due to differences in sequence (A9g.6 varies from A9g by only one nucleotide) or chemistry (both RNAs are 2′-F modified) of the RNAs. It is possible that the increase in immune-stimulatory genes is due to secondary/tertiary structural differences of these RNAs (see Figure 2a for predicted secondary structures). Together, these data suggest that A9g is safe for in vivo applications. Furthermore, the immune stimulatory studies highlight the need for careful and thorough assessment of these RNA-based drugs prior to use in humans. 
IFTT1
Pharmacokinetics and biodistribution of A9g PSMA aptamer Although biodistribution and PK of some aptamers have been described, these basic properties can depend on the structure and binding characteristics of each individual aptamer. 27 To determine the biodistribution and PK of our RNA smart drug, we performed non-invasive imaging with fluorescent near-infrared (NIR)-labeled material. Briefly, A9g and A9g.6 were conjugated to an NIR fluorophore (800 CW) through amine coupling. 32 Labeling efficiency (Supplementary Figure S5a) and overall purity (Supplementary Figure S5b) of the NIR-RNAs were assessed prior to the start of our studies. Activity of the NIR-labeled A9g was confirmed using the PSMA enzymatic assay (Supplementary Figure S5c) . NIR-labeled aptamers were injected into the tail veins of mice bearing PC-3(PSMA + ) tumors in their right flanks (Figure 4a ). Mice were imaged over 72 hours using BLI. RNA aptamers were evenly distributed throughout the mouse's body 5 minutes after administration. Both RNAs were cleared from circulation as early as 8 hours following administration. Importantly, NIR-A9g was retained in the PSMA + tumor up to 72 hours after administration (Figure 4a, top panels) . In contrast, no NIR-A9g.6 was detected in the tumor or elsewhere after 8 hours (Figure 4a , bottom panels). Tumor xenografts were excised at 96 hours following administration of the NIR-labeled RNAs and imaged ex vivo (Figure 4a, inset). We observed intense fluorescence in the tumors that were isolated from NIR-A9g treated mice, while no fluorescence was observed in control (NIR-A9g.6) treated mice. These results clearly demonstrate selective targeting of A9g to PSMA + tumors in vivo.
We then sought to determine the PK and biodistribution of A9g in a control, non-tumor-bearing mouse (Figure 4b) . NIRA9g was injected in the tail veins of male SCID mice and imaged over a period of 24 hours. As expected, the in vivo profile of A9g in non-tumor-bearing mice was similar to that observed for the control non-binding aptamer (A9g.6) in Figure 4a . Together, these data suggest that the longer in vivo retention time of A9g observed in tumor-bearing mice is due to tumor-specific targeting by this RNA. To confirm tumor-target specificity and rule out any potential enhanced permeability and retention (EPR) effect of our RNA smart drug, we performed PK and biodistribution studies in (Figure 4c) . EPR is a process by which macromolecules (e.g., liposomes, nanoparticles, and macromolecular drugs) tend to accumulate in tumor tissue much more than they do in normal tissues. 33 NIR-A9g rapidly localized to the PSMA + tumor. NIR signal in the PSMA + tumor persisted for 24 hours in this experiment. This signal was specific to tumors with PSMA expression, as no NIR-A9g was detected in PSMA − tumors. In contrast, NIR-A9g.6 did not accumulate in either the PSMA + or PSMA − tumor (Figure 4c, bottom panel) . Together, these data suggest that uptake of NIR-A9g into PMSA + tumors is specific to PSMA surface expression and not due to non-targeted RNA uptake (e.g., potential EPR effect).
Stability of A9g PSMA aptamer in human serum
Preclinical stability and safety studies performed in human samples are critical to the successful translation of potential future RNA smart drugs. Serum stability of RNA is limited by endonuclease cleavage (which can be overcome by the 2′-F-pyrimidines or similar modifications) 27 and serum exonuclease cleavage of the 3′-end (which can be avoided using terminal modifications such as PEGylation). 18 To determine the stability of A9g, we incubated the RNA in human serum for a total of 1 week. Serum-RNA samples at the indicated time-points (0, 1, 2, 4, 8, 24, 48, 72, and 168 hours) were resolved on a denaturing polyacrylamide gel electrophoresis (PAGE) (Figure 5a , left panel) and RNA bands quantified using ImageJ software (Figure 5a, right panel) . To evaluate the effect of additional modifications on stability, we modified the A9g sequence to incorporate 2′-O-methyls (O′Me) in a subset of purines (data shown for modification of three purines (A9g +3)) or modification of all purines (A9g + 21). A9g and A9g +3 have a T 1/2 of ~70 hours in human serum. The modifications of the three purines did not confer additional stability to the RNA. In contrast, 2′-O′Me modifications of all purines within the A9g sequence resulted in a significant increase in serum stability (T 1/2 > 1 w). However, modification of all purines post-selection resulted in a nonfunctional A9g RNA as determined by PSMA enzymatic activity (Figure 5b) . This was not the case for A9g +3, which still retained functionality. These studies suggest caution when optimizing RNA aptamers post-selection for clinical applications.
Safety assessment of A9g PSMA aptamer in human PBMCs
Next, we assessed potential cytotoxicity and immune-stimulatory effects of A9g in human PBMCs. Importantly, incubation of A9g with human PBMCs did not result in an increase in caspase 3/7 activity (two markers of cellular apoptosis) at 4 hours or 24 hours following incubation with the RNA. In contrast, an increase in caspase 3/7 activity was observed following a 24-hour incubation of PBMCs with staurosporine (positive control for caspase-dependent and independent apoptotic pathways) (Figure 5c, left panel) . Interestingly, poly I:C did not induce caspase 3/7 activation. As an independent measure of cytotoxicity, we determined the release of lactate dehydrogenase (LDH) from human PBMCs treated with the RNA smart drug (Figure 5c, right panel) . LDH is a soluble cytosolic enzyme that is released into the culture medium following loss of membrane integrity resulting from either apoptosis or necrosis. LDH activity, therefore, can be used as an indicator of cell membrane integrity and serves as a general means to assess cytotoxicity resulting from chemical compounds or environmental toxic factors. Importantly, A9g did not induce LDH. In contrast, a robust induction of LDH was observed when human PBMCs were incubated with staurosporine ( Figure 5c) . As a final measure of toxicity, we assessed any potential immune stimulation due to A9g in human PBMCs (Figure 5d) . Human PBMCs were incubated with either A9g, A9g.6, or Poly I:C as a positive control. RNA from treated cells was isolated at early (4 hours), intermediate (12 hours) , and late (24 hours) time points as described above for the mouse safety studies. Upregulation of specific immune responsive genes was assessed as in Figure 3f . No increase in inflammatory cytokines (IL-6), type I (IFN-β) and II (IFN-γ) interferons, or viral RNA recognition genes (OAS-1, IFIT1) was observed. Together, these studies verify that A9g does not elicit non-specific immune stimulation in human PBMCs and suggest that it is safe for clinical applications.
DISCUSSION
In this preclinical study, we describe a cell-targeted RNA-based smart drug for managing mCRPC that is both safe and effective in vivo when delivered systemically and is amenable to chemical synthesis for large-scale production. The RNA smart drug (A9g) was previously shown by us to bind to PSMA on the surface of PC cells and to act as a potent inhibitor of PSMA enzymatic activity in vitro. 25 We now show that A9g inhibits PSMA-dependent cell migration and invasion in cancer cells in culture (Figure 2d,e) and in vivo in a mouse model of metastatic PC (Figure 3) . Interestingly, A9g has no effect on PSMA-dependent cell proliferation (Figure 2c) or survival (Supplementary Figure S1) , two cellular processes also thought to be linked to PSMA's enzymatic activity. [22] [23] [24] Based on these findings, we believe that A9g is inhibiting specific downstream effectors (e.g., p130cas) of the focal adhesion kinase pathway or implicated in cell motility. 24, 34 Alternatively, A9g could be blocking the ability of PSMA to interact with Filanim A, a cytoskeletal protein which plays a central role in cell motility and metastasis. 24 Importantly, we demonstrate that A9g is safe when administered to either tumor-bearing (immune-compromised) or to immune-competent mice (Figure 3d-f) . Similarly, in studies performed in human PBMCs, A9g was not cytotoxic (Figure  5c ) and did not induce high levels of inflammatory cytokines and interferons (Figure 5d) . PK and biodistribution studies performed with NIR-labeled A9g (Figure 4 ) confirm its target specificity and suggest the absence of any non-specific on-target or off-target effects of the RNA drug.
The majority of cancer drugs are non-specific cytotoxic agents that poorly discriminate between cancer cells and normal dividing cells. 1 These drugs often present with severe sideeffects including liver toxicity, bone marrow suppression, severe edema, and cardiotoxicity.
1 Cell-targeted approaches, which promise improved efficacy and safety profiles when compared to conventional non-targeted drugs, have long been recognized as the Holy Grail of cancer therapeutics. Recently, several targeted cancer drugs (smart drugs) have been described. These include: (1) trastuzumab (Herceptin), an antibody to HER2 used to treat HER2 + breast cancers and other solid cancers with elevated HER2 expression. 35 (2) Lapatinib (Tykerb), a small molecule tyrosine kinase inhibitor (TKI) used to treat cancers which are driven by HER2 and epidermal growth factor receptor (EGFR). 36 (3) Imatinib (Gleevec), a TKI specific for Abl, c-kit and PDGFR, used to treat certain leukemias (e.g., CML) and gastrointestinal stromal tumors whose growth and survival are driven by the elevated expression or constitutive activation of these protein kinases. 37 Despite the impressive successes obtained with this class of targeted drugs, which demonstrate the utility of selectively controlling cancer cell progression while limiting toxicity to normal cells, many cancers such as mCRPC are currently not being treated with smart drug technology. The work described herein is of importance since we demonstrate potent and specific inhibition of metastatic PC foci spread with a low therapeutic dose (nine treatments at ~0.63 mg/kg) of an RNA aptamer inhibitor of PSMA.
Given the potential of aptamers for targeted cell therapies, much emphasis over the past several years has been on optimizing current selection methodologies for establishing a platform technology that would facilitate the identification of aptamers to cell-surface receptors. Indeed, until recently, only a handful of aptamers to cell-surface receptors had been described, due primarily to difficulties in obtaining purified preparations of recombinant membrane proteins for selection. Also, since complex glycosylation patterns and structural conformations of membrane proteins tend not to be replicated in recombinant protein preparations, aptamers selected against recombinant targets have often failed postselection to bind to their targets on the surface of cells. 38, 39 Recent progress made in cell-based selection technologies have favored the isolation of aptamers specific for cell-surface proteins within their native milieu (i.e., the cell membrane). 40 These selections have demonstrated clear advantages over selections performed using purified recombinant proteins. To date, several aptamers against receptors expressed on the surface of cancer cells have been identified using the cell-based selection approach. 41 These aptamers have been used to inhibit the function of the target proteins as well as for selective delivery of RNAi modulators (e.g., siRNAs/miRNAs) to cells. 41 Importantly, given the role of these aptamer targets in cancer and other diseases, these aptamers may turn out to be ideal candidates for the development of future smart drugs.
The amenability of aptamers to being modified with chemistry facilitates conjugation to various molecules including fluorophores, radiopharmaceuticals, small molecule drugs/toxins, and other therapeutic oligonucleotides. 41 Here, we demonstrate the use of a noninvasive approach, based on NIR imaging technology, for tracking the RNA drug in preclinical mouse models of disease. Similar approaches, which incorporate radiopharmaceuticals into the RNA drug, will facilitate in vivo tracking studies in larger preclinical animal models as well as in humans. 42 Progress made toward developing methods to noninvasively image delivery and actions of these nucleic acid-based drugs will be important in a clinical setting where understanding the safety profile and PK of the drug is crucial. 43, 44 In addition to in vivo imaging applications, cell-targeted aptamers have also shown promise in selective drug delivery. 41 Toward this end, we previously described the conjugation of an inert (non-inhibitory) PSMA aptamer (A10-3.2) to cytotoxic siRNA duplexes. 18 The siRNAs were designed to target cancer-specific genes such as polo-like kinase -1 and B-cell lymphoma-2. Although the aptamer itself had no effect on PC progression, the therapeutic potential of this dual-targeted RNA drug stems from its exquisite selectivity: the A10-3.2 aptamer targets PSMA on PC cells while delivering a cancer-specific siRNA cargo. Since the initial description of this targeted approach, various derivatives of the A10-3.2 aptamer have been linked to other therapeutic siRNAs. 17, 19 Importantly, all these studies have reported efficacy, following systemic administration of the aptamer-siRNA drug at doses under 1 mg/kg in preclinical mouse models of PC.
While the use of inert aptamers for selective drug delivery is a major achievement on its own, conjugation of therapeutic aptamers (such as A9g) with other cytotoxic drugs for combinatorial therapy is of particular interest in the setting of complex diseases such as mCRPC. Indeed, in the last year, strong evidence points to PC as a highly heterogenous disease driven by multiple mechanisms of cell survival, which are thought to be responsible for the development and resistance to standard monotherapy. Attempts to establish individualized therapy in order to better tailor the treatment to the individual patient have reached significant advance. In addition, clinical trials exploring combination of therapies (e.g., endocrine therapy with chemotherapy) are ongoing.
1 As combination therapy becomes the new frontier for the clinical management of PC, future studies, which focus on evaluating the in vivo efficacy and safety of therapeutic PC-specific aptamers coupled to existing small molecule inhibitors/toxins or therapeutic siRNAs (e.g., siRNAs directed against molecular pathways recently implicated in driving the progression of mCRPC), will be critical. Indeed, while the current study focused on evaluating the effect of A9g on preventing metastatic colonization, it will be valuable to evaluate an aptamer combination smart drug where A9g targets the colonization of new metastatic foci and a cytotoxic drug load targets the growth/survival of established metastases.
In conclusion, we describe a novel RNA aptamer-based smart drug for managing mCRPC that can be developed as an adjuvant to current cytotoxic therapies or conjugated to existing/novel drugs for the development of targeted, single agent, combination therapies. This would significantly expand the current repertoire of drugs used to treat PC patients with advanced disease. Importantly, the aptamer-targeted approach also lends itself to the development of individualized therapy where the drug cargo can be modified to better tailor the treatment to the individual patient. Finally, while our proof-of-concept, preclinical study focused on the effect of A9g on migration and invasion of PC cells, given PSMA's expression in the neovasculature of many sarcomas and carcinomas, 12, 13 targeting neoangiogenesis via PSMA may also serve as a viable therapeutic option in other solid cancers.
MATERIALS AND METHODS
Cell culture. CT26 and CT26(PSMA + ) mouse colorectal carcinoma cells were a generous gift from E. Gilboa (University of Miami). CT26(PSMA ++ ) was derived from CT26(PSMA + ) by sorting for cells with high PSMA cellsurface expression. PC-3 and PC-3(PSMA + ) human prostate adenocarcinoma cells were developed as previously described. 13 PC-3(PSMA ++ ) cells were derived from PC-3(PSMA+) by sorting for cells with high PSMA cell-surface expression. All cells were maintained in NuAire water-jacketed CO 2 incubators at 37 °C and 5% CO 2 (Plymouth, MN). CT26 cell lines were maintained in RPMI1640 media supplemented with 10% fetal bovine serum (FBS). All PC-3 cells were grown in F12K media supplemented with 10% FBS. The human, PSMA + , luciferase (Luc) + , prostate carcinoma cell line, 22Rv1(1.7) 18 was grown in RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with 10% FBS (Hyclone), 1 mmol/l nonessential amino acids (GIBCO) and 100 μg/ml G-418.
DNA templates and primers. All in vitro assays were performed using in vitro transcribed RNA unless otherwise noted. All in vivo assays were performed using chemically synthesized RNA (TriLink Biotechnologies, San Diego, CA) modified with 2′-fluoro pyrimidines, 2′-hydroxyl purines and a C12-NH 2 5′ terminal modification.
A9g. DNA Template: 5′-GGGACCGAAAAAGACCTGACTTCTATA CTAAGTCTACGTTCCC-3′ 5′ Primer: 5′-TAATACGACTCACTATAGGGACCGAAAAAGACC-3′ 3′ Primer: 5′-GGGAACGTAGACTTAG-3′ A9g.6. DNA Template: 5′-GGGACCGAAAAAGACCTGGCTTCTAT ACTAAGTCTACGTTCCC-3′ 5′ Primer: 5′-TAATACGACTCACTATAGGGACCGAAAAAGACC-3′ 3′ Primer: 5′-GGGAACGTAGACTTAG-3′ A10-3.2. DNA Template: 5′-GGGAGGACGATGCGGATCAGCCAT GTTTACGTCACTCCTTGTCAATCCTCATCGGCAGACGACTCGCC CGA-3′ 5′ Primer: 5′-TAATACGACTCACTATAGGGAGGACGATGCGGA-3′ 3′ Primer: 5′-AGGAGTGACGTAAACATG-3′
RNA transcription/purification. RNA aptamers were transcribed as previously described. 16 Briefly, template DNAs and primers were ordered from Integrated DNA Technologies (IDT; Coralville, IA). Double-stranded DNA templates for transcription were generated via PCR. DNA templates were purified with Qiagen DNA purification columns (Cat# 27106) and used for in vitro transcription reactions to make individual RNA aptamers. An Y639F mutant T7 RNA polymerase 45 was used to incorporate 2′-fluoro pyrimidines in order to generate RNA aptamers resistant to serum nucleases. The in vitro transcribed RNAs were resolved on denaturing PAGE gels (10% polyacrylamide/7 M urea), and visualized using UV shadowing. The RNA was excised from the gel, eluted in 4 ml of TE buffer (0.1 mmol/l ethylenediaminetetraacetic (EDTA)), washed twice with 4 ml of TE buffer and concentrated with an Amicon 10,000 MW-cutoff spin filter (Cat# UFC801024).
Proliferation assay. PC-3 and PC-3(PSMA + ) cells were plated onto 96-well tissue culture plates (Corning Costar) in triplicate at a concentration of 2.5 × 10 5 cells/ml in a volume of 100 μl/well. At indicated time point, 20μl of Cell Titer 96 AQueous One Solution (Promega Catalog #G3581) was added directly to cells in 96-well plates. Cells and solution were incubated at 37 °C for 1 hour. Absorbance at 490 nm was then assessed on a Molecular Devices Thermo Max Microplate Reader (GMI Inc., MN).
Assessing effect of PSMA aptamers on cell proliferation. Chemically synthesized A9g and A9g.6 RNAs were allowed to fold at 4 μmol/l in 1.5 ml total volume by heating to 98 °C for 10 minutes, followed by incubation at 65 °C for 10 minutes and finally incubation at 37 °C for 10minutes. Stock solutions of 2-PMPA (Enzo Life Sciences Catalog #ALX-550-358-M001) and Doxorubicin (Dox; Sigma Catalog #D1515-10MG) were diluted to 4 μmol/l per manufacturer recommendation. All reagents were then serial diluted 1:2 in cell culture media for a total of 10 concentrations. PC3(PSMA ++ ) cells were plated at a concentration of 5 × 10 5 cells/ml in a volume of 50μl/well. Fifty microliters of A9g, A9g.6, 2-PMPA, and Dox at all concentrations were added to cells in triplicate. Cell proliferation was assessed as above.
Migration/invasion assays
Scratch-wound assay. Cells were starved in serum-free, folate-free RPMI 1640 medium for 24 hours. Cells were then trypsinized and counted using Trypan Blue to exclude dead cells. 2.5 × 10 5 viable cells were added to each well in a 6-well cell culture plate and allowed to adhere for 24 hours. A linear scratch was made in the cell monolayer using a sterile pipette tip and cells were washed 2× with DPBS to remove scraped/dead cells before returning to folate-free RPMI 1640. Three to four images of each scratch were taken consistently from the time of scratch induction and every 8 hours until scratch closure. Measurements of images were performed at three locations perpendicular to the scratch in a blinded fashion and expressed as the percentage of wound closure relative to the initial scratch.
Transwell migration assay. CT26 or PC-3 cells were serum starved in serum-free, folate-free RPMI 1640 medium for 24 hours. Following starvation, 3.5 × 10 4 cells with or without PSMA expression were seeded on uncoated transwell filters (BD Biosciences, San Jose, CA) in folatefree, serum-free RPMI 1640 media with or without aptamer or PSMA small molecule inhibitor (2-PMPA) and allowed to migrate for 20 hours toward the lower chamber containing 10% FBS or serum-free media. Cells migrating through the membrane were fixed with methanol followed by mounting and staining with VECTASHIELD containing DAPI (Vector Laboratories, Burlingame, CA). Cell migration is expressed as the fraction of total cells that migrated through the filter relative to untreated cells. Each assay was set up in duplicate, and each experiment was conducted a minimum of three times and represents three random fields per condition. Images were acquired with an Olympus IX71 inverted microscope equipped with a 10× objective an EXFO X-Cite Q xenon light source and a cooled CCD digital camera.
Matrigel invasion assay. CT26 or PC-3 cells were serum starved in serum-free, folate-free RPMI 1640 medium for 24 hours prior to initiation of experiment. Following starvation, 3.5 × 10 4 cells with or without the expression of PSMA were seeded in folate-free, serum-free RPMI 1640 media with or without aptamer or PSMA small molecule inhibitor (2-PMPA) on Matrigel-coated filters (BD Biosciences) and allowed to invade for 22-24 hours toward the lower chamber containing 10% FBS or serum-free media. Cells invading through the Matrigel layer were fixed with methanol followed by mounting and staining with VECTASHIELD containing DAPI (Vector Laboratories, Burlingame, CA). Cell invasion is expressed as the fraction of total cells that invaded through the filter relative to untreated cells. Each assay was set up in duplicate, and each experiment was conducted a minimum of three times and represents three random fields per condition. Images were acquired with an Olympus IX71 inverted microscope (Olympus, Tokyo, Japan) equipped with a 10× objective an EXFO X-Cite Q xenon light source and a cooled CCD digital camera.
Cell membrane extract preparation. Cell membrane fractions were prepared as described previously.46 Briefly, cell membranes from PC-3 cells, with and without stable expression of human PSMA, were grown at 90-95% confluent in T75 flasks (Costar). Because phosphates are known to inhibit PSMA NAALADase activity at micromolar amounts,46 media was aspirated and cells were washed with ice-cold HEPES-buffered saline instead of DBPS. Cells were detached from plates using cell scrapers and pelleted at 1,000 rpm for 4 minutes in a LABNET Hermle Z400K benchtop centrifuge. Supernatants were decanted. Cell pellets were resuspended in 500 µl of ultrapure H2O and pellets were sonicated four times at 10 seconds each on maximum tone using a Fisher Model 100 sonicator (Fisher Scientific). Cells were spun for 30 minutes at 100,000×g using a TLA 100.2 rotor in a Beckman TL-100 Ultracentrifuge (Beckman Coulter). The supernatant was discarded and membrane pellets were resuspended and homogenized by sonication in 250 µl of pre-warmed 50 mmol/l Tris-Cl, pH 7.4.
NAALADase assay. The PSMA NAALADase activity assay was performed as previously described 46 with minor modifications. Briefly, the final reaction volume was modified to 200 µl. Double-distilled H 2 O (ddH 2 O) was used for all solutions. RNA aptamers were refolded in 1× Binding Buffer (1×BB: 20 mmol/l HEPES, 150 mmol/l NaCl, 2 mmol/l CaCl 2 ) at 1 µmol/l concentration. RNA was refolded by heating for 10 minutes at 98 °C, 15 minutes at 65 °C, 15 minutes at 37 °C, and cooled for at least 25 minutes at room temperature. Aptamers were concentrated through an Amicon 10,000MW-cutoff spin filter (Amicon Cat# UFC801024). The remaining procedures were performed on ice. Ten microliters of refolded RNA in 1×BB were combined with 50 µl of 200 mmol/l Tris buffer, pH 7.5, and 20 µl 10 mmol/l CoCl 2 . Recombinant PSMA was prepared by diluting 2 µg recombinant human PSMA (4234-ZN-010) from R&D Systems (Minneapolis, MN) in 500 µl of 50 mmol/l pH 7.5 Tris buffer. Either 10 µl of the recombinant PSMA solution (40 ng PSMA) or 10 µl of cell membrane preparations described above was added to the reaction mixture, and the reaction was incubated for 15 minutes at 37ºC to promote RNA-PSMA interaction. Ten microliters of a working solution containing 30 nmol/l NAAG having a specific activity of 2.5 µCi/µl of (glutamate-3,4-3H)-NAAG from PerkinElmer (Waltham, MA; Cat# NET1082250UC) were added to the reaction mixture. The reaction was allowed to proceed for 15 minutes, mixing once by gentle vortexing at 7. Intracardiac injections of 22Rv1(1.7) cells. Intracardiac injections were performed as previously described. 47 Briefly, 22Rv1(1.7) cells were grown to 80% confluence in a T75 flask (Sigma-Aldrich, St Louis, MO CLS3375), washed once with Dulbecco's phosphate buffered saline (DPBS), trypsinized for 5 minutes with 0.05% trypsin containing EDTA (Invitrogen, Grand Island, NY), resuspended in 10 ml RPMI 1640 medium supplemented with 10% FBS and spun at 1,000 rpm for 5 minutes to pellet the cells. Next, cells were re-suspended in DPBS, pipeted several times to disperse the clumps and passed through a 70 µm Nylon cell strainer (BD Biosciences) into a 50 ml conical tube. Cells were further assessed for viability with Trypan Blue stain and brought to a final concentration of 2 × 10 6 cells/ml in RPMI medium in 1.5-ml Eppendorf tube. Shortly before intracardiac injections, cells were pelleted and resuspended in 1×BB (vehicle), A9g aptamer (10 µmol/l in 1×BB) or A9g.6 aptamer (10 µmol/l in 1×BB). Before incubating with the cells, A9g and A9g.6 aptamers were folded by heating for 10 minutes at 98 °C, 15 minutes at 65 °C, 15 minutes at 37 °C, and cooled for at least 25 minutes at room temperature. The effect of A9g and A9g.6 aptamers on PSMA enzymatic activity was confirmed by NAALADase assay, as described above. Cell suspensions were kept on ice until injections were performed.
Aptamer treatment. Mice were randomized into three groups: control vehicle (1× BB) group, A9g (PSMA aptamer), and A9g.6 (non-binding, control aptamer). Briefly, 5-to 8-week-old male SCID mice (NCI) were anesthetized in a chamber with 3% isoflurane (Abbott Laboratories, North Chicago, IL). After the mice were anesthetized, they were placed in a ventral presentation for injections where they were maintained on 2.5% isoflurane delivered through nose cones on a manifold. Hundred microliters of cell suspension (2 × 10 5 cells final) were injected over a period of 30 seconds into the left ventricle of the heart, using a 30-gauge needle. The needle was placed to the left of the xiphoid process and through the diaphragm into the heart. The presence of a rapid pulsatile flow of bright red blood was indicative of correct needle placement. Following intracardiac injections, 100 µl of 10 µmol/l (1 nmol) A9g, A9g.6 or vehicle (1 × BB) was systemically administered (via tail vein) to mice every day for 4 consecutive days and then weekly for 5 weeks.
BLI. All small animal imaging experiments were performed at the Central Microscopy Research Facility (University of Iowa; http://cmrf. research.uiowa.edu/). At weeks 2, 3, 4, and 5 following intracardiac injections, mice were imaged (ventral and dorsal presentations) using an IVIS 200 imaging system (PerkinElmer) with a 1-minute exposure time. Images were acquired within 10-15 minutes after administration (intra-peritoneal) of 100 µl of 15 mg/ml luciferin (Gold Biotechnology, Inc St. Louis, MO). To confirm metastases localized to the bone, final images (weeks 4-5) were acquired using the SPECTRAL AMI 1000 system with X-ray CT capabilities (25 kV 1-minute exposure). The number of mice per group that had at least one foci of bioluminescence signal by weeks 4 and 5 was plotted as percentage of the total mice assigned per group. Total number of metastatic foci, as assessed by BLI, were counted for each mouse (for ventral and dorsal positions) and plotted as number of metastases per mouse for each respective treatment group. Statistical analysis was performed using GraphPad Prism 5 Software. The percentage of mice with metastases per group was analyzed using Fisher's exact test. For all other analyses, student t-test analysis was used.
Histology. Histology was performed at the Comparative Pathology and Histology Research Laboratories (University of Iowa; http://www. medicine.uiowa.edu/pathology/research/dcp/). At 5 weeks, mice were euthanatized with ketamine/xylazine. Luciferase-positive tissues as determined by BLI (e.g., limb, spine, mandibula, lungs, kidneys, spleen, heart, liver, adrenals) were excised and fixed in 10% neutral buffered formalin for at least 48 hours at room temperature. Bone tissue samples were washed three times in DPBS for 5 minutes and subsequently decalcified in 10% EDTA for 7 days, replacing EDTA daily. After decalcification, the samples were placed in 70% ethanol. All fixed tissues were processed in a series of alcohol and xylene baths, paraffin-embedded, and 7 μm sections were stained with H&E. A veterinary pathologist (David K Meyerholz) examined all tissue sections. High-resolution digital images were acquired with a DP71 camera (Olympus) mounted on a BX51 microscope (Olympus) with MicroSuite Pathology Edition Software (Olympus).
Mouse safety studies
Weights. Mouse weights were recorded prior to intracardiac injections, as well as, prior to every aptamer treatment using a digital laboratory balance (Denver Instrument MXX-601, Bohemia, NY). Weights were normalized to pretreatment values and plotted using GraphPad Prism 5 Software.
Blood counts. At 5 weeks post-intracardiac injection, mice were anesthetized with ketamine/xylazine. Approximately, 150 µl of blood was collected from each mouse via submandibular venous puncture into an EDTA tripotassium salt multivette (Multivette 600 K3E; Sarstedt, Germany). Complete blood counts (CBC) were measured from undiluted blood samples within 30 minutes of collection using a Sysmex XT-200i Automated Hematology Analyzer (Sysmex America Inc, Mundelein, IL).
Immune stimulation studies in immune-competent mice. Hundred microliters of A9g (10 µmol/l), A9g.6 (10 µmol/l) or Poly I:C (1 mg/ml) were injected in the tail veins of immune-competent C57BL/6 mice. Both A9g and A9g.6 RNAs were folded as previously described above. At indicated time points, mice were euthanatized with ketamine/xylazine. Spleens and livers were excised and immediately flash frozen. Total cellular RNA was isolated from tissues using the RNeasy Mini Kit (Qiagen, Valencia, CA). The purity and concentration of isolated RNA was determined using a Nano-Drop 2000c spectrophotometer (Thermo Scientific, Waltham, MA). RT-qPCR was used to determine the expression level of indicated immune responsive genes. This was carried out using the iScript One-Step RT-PCR Kit with SYBR Green (Bio-Rad) following the Figure S1 . Functional characterization of PSMA RNA aptamers. Figure S2 . PSMA expression drives cancer cell migration. Figure S3 . PSMA expression in cancer cell lines used in this study. Figure S4 . In vivo efficacy of A9g PSMA aptamer. Figure S5 . NIR-RNA conjugation chemistry.
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